Abstract Nemaline myopathy (NM) is a congenital muscle disorder associated with muscle weakness, hypotonia, and rod bodies in the skeletal muscle fibers. Mutations in 10 genes have been implicated in human NM, but spontaneous cases in dogs have not been genetically characterized. We identified a novel recessive myopathy in a family of line-bred American bulldogs (ABDs); rod bodies in muscle biopsies established this as NM. Using SNP profiles from the nuclear family, we evaluated inheritance patterns at candidate loci and prioritized TNNT1 and NEB for further investigation. Whole exome sequencing of the dam, two affected littermates, and an unaffected littermate revealed a nonsense mutation in NEB (g.52734272 C[A, S8042X). Whole tissue gel electrophoresis and western blots confirmed a lack of full-length NEB in affected tissues, suggesting nonsense-mediated decay. The pathogenic variant was absent from 120 dogs of 24 other breeds and 100 unrelated ABDs, suggesting that it occurred recently and may be private to the family. This study presents the first molecularly characterized large animal model of NM, which could provide new opportunities for therapeutic approaches.
Introduction
One of the most common human congenital myopathies, accounting for 17 % of cases, nemaline myopathy (NM) is characterized by the presence of rod bodies in the skeletal muscle fibers, muscle weakness, and hypotonia (Romero et al. 2013) . Proximal limb muscles, facial muscles, and neck flexors are most frequently affected by muscle weakness, while respiratory insufficiency is the primary cause of death (Romero et al. 2013) . NM is clinically heterogeneous and is classified into six subtypes based on severity, pattern of muscle weakness, and age of onset (Wallgren-Pettersson and Laing 2011). Ten genes have been implicated in NM: ACTA1, CFL2, KBTBD13, KLHL40, KHL41, LMOD3, NEB, TNNT1, TPM2, and TPM3 (Nowak et al. 2015) . These genes encode proteins associated with the skeletal muscle sarcomere thin filament or Kelch domain proteins (Malfatti et al. 2014) .
While founder mutations have been reported in Ashkenazi Jewish (NEB) (Anderson et al. 2004) , Old Order Amish (TNNT1) (Johnston et al. 2000) , and Turkish (TPM3) (Lehtokari et al. 2008) populations, most NM cases involve de novo mutations. Among cases explained at the genetic level, most are attributed to recessive mutations in NEB (usually in compound heterozygosity) and dominant mutations in ACTA1 (Romero et al. 2013) . It is often infeasible to identify de novo mutations through Sanger sequencing due to numerous candidate genes and the prohibitive size of the NEB transcript (*26 kb, 183 exons). In recent years, next generation sequencing technologies that allow for simultaneous capture of candidate genes have expedited the genetic characterization of individual NM cases (Chen et al. 2013; Scoto et al. 2013; Güttsches et al. 2015; Marra et al. 2015) .
Mouse models harboring mutations in ACTA1 (Nowak et al. 2009; Nguyen et al. 2011; Ravenscroft et al. 2011) , LMOD3 (Tian et al. 2015) , KLHL40 (Garg et al. 2014) , NEB (Bang et al. 2006; Witt et al. 2006; Li et al. 2015) , and TPM3 (Corbett et al. 2001; de Haan et al. 2002) are available for study of NM subtypes, but no large animal models have been described. Dog models have been instrumental in advancing therapeutic strategies for hereditary muscle disorders such as Duchenne muscular dystrophy and myotubular myopathy (Kornegay et al. 2012; Childers et al. 2014) . While spontaneously occurring forms of NM have been reported in a Border collie and a Schipperke, they were not characterized at the molecular level (Shelton and Engvall 2005) . Herein, we describe a novel NM in a family of American bulldogs (ABDs) and determine the pathogenic variant through genome-wide SNP profiling and whole exome sequencing (WES).
Materials and methods

Animals
A 5-month-old male ABD was evaluated at the University of Guelph Veterinary Teaching Hospital for non-progressive generalized muscle weakness, exercise intolerance, and tremors beginning at approximately 2 months of age. A female littermate had similar clinical signs, while another female littermate was reported to be clinically unaffected. Two other littermates could not be located. The sire and dam of the litter were cousins, and there was no prior history of muscle disease in the family. Samples from the family were collected for diagnostic procedures and submitted with owner consent.
Histopathology and immunohistochemistry
Biopsies from the triceps, biceps femoris, and suprascapular muscles were collected from both affected dogs under general inhalational anesthesia following electrophysiological examination. The biopsy specimens were either snap frozen in isopentane (pre-cooled in liquid nitrogen) or immersion fixed in 2.5 % glutaraldehyde for electron microscopy. Sections (8 lm) were further processed using a standard panel of histological and histochemical stains and reactions (Dubowitz et al. 2013) . Similar staining and reactions were performed on agematched control muscles from the tissue archives of the Comparative Neuromuscular Laboratory.
Electron microscopy
Glutaraldehyde-fixed muscle specimens were post-fixed in 1 % aqueous osmium tetroxide prior to dehydration and embedding in araldite resin. Thick sections (1 lm) were stained with toluidine blue-basic fuchsin prior to light microscopic examinations, while thin sections (60-90 nm) were stained with uranyl acetate and lead citrate prior to examination in a Zeiss 10 electron microscope.
DNA preparation
DNA was extracted from muscles of both affected dogs and blood from the sire, dam, and unaffected littermate using the DNeasy extraction kit (Qiagen, Hilden, Germany). Whole blood samples from ABDs recruited for an unrelated study were obtained as controls (Mauldin et al. 2014) . DNA was isolated following the Gentra PureGene protocol (Qiagen). Genomic DNAs from purebred dogs of other breeds were available from our private DNA bank at Clemson University.
Illumina SNP arrays
To date, 10 genes have been identified in human cases of NM; their canine counterparts lie on 10 different chromosomes. To investigate inheritance patterns at each gene, SNP profiles were generated for the nuclear family using the Illumina CanineHD BeadChip, containing 173,662 SNPs (Illumina, San Diego, CA, USA). Genotypes at polymorphic SNPs encompassing the candidate genes (flanking the genes within 1 Mb) were examined for consistency with an autosomal recessive mode of inheritance.
Whole exome sequencing
Whole exome sequencing (WES) data were generated for the dam, two affected siblings, and an unaffected sibling at CeGaT GmbH (Tübingen, Germany). Genomic DNA (1 lg) from each sample was mechanically sheared to fragments of approximately 180-250 bp (Covaris LE220, Woburn, MA, USA). Fragment sizes were verified for quality control (Fragment Analyzer, Advanced Analytical, Ankeny, IA, USA). The fragment library was hybridized with 120-mer biotinylated RNA baits from the SureSelect XT Canine All Exon kit (Agilent, Santa Clara, CA, USA), which was designed based on the UCSC CanFam2 Ensembl and Refseq tracks as well as human protein alignments. Magnetic streptavidin beads were used for purification according to the manufacturer's instructions. Library DNA was amplified, sequencing barcodes and adapters were added (Illumina), and equimolar amounts of each sample were pooled. The pool was sequenced on both lanes of a Rapid Flowcell on a HiSeq 2500 instrument (Illumina), generating paired-end 2 9 100 bp sequences, comprising on average 6 GB per sample. Sequencing data were demultiplexed (Illumina bcl2fastq 1.8.2), sequencing adapters were trimmed (skewer 0.1.116), and the resulting sequence mapped to the canine genome (CanFam3.1) using the Burrows-Wheeler Aligner (bwa 0.7.2-r351). PCR duplicates and low-quality alignments were removed (samtools 0.1.18 and internal software). Variant calling was performed using a dual pipeline of bcftools (0.1.17) and varscan (2.3.5), and internal software was used to combine these files into a single variant call file (VCF) per sample.
Reads were visualized using integrated genomics viewer (IGV) (Thorvaldsdóttir et al. 2013) . Known variants from Ensembl dbSNP (Can Fam3.1) and from private whole genome sequence databases were excluded. NEB was manually screened for variants predicted to have an effect on the protein.
Genotyping of g.52734272
Primers for PCR were designed to capture a 489 bp region encompassing g.52734272 (Forward 5 0 -AAGTCCCAG-CAGCAACATAA-3 0 , Reverse 5 0 -GTCCAAAGTGGTCGGTCCT-3 0 ). Products were amplified using ReddyMix master mix (Thermo Scientific, Waltham, MA, USA) with 0.4 lM primers, 50 ng DNA, and water for a total volume of 25 lL. Thermal cycling conditions were as follows: 95°C for 5 min; five touchdown cycles of 95°C for 30 s, 58°C for 30 s reducing 1°C per cycle, and 72°C for 1 min; 31 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and a 10-min final elongation at 72°C. Direct sequencing was carried out with BigDye Terminator using an ABI 3730xl Genetic Analyzer to validate g.52734272.
Using the same primers and thermal cycling conditions described above, genotyping of g.52734272 in unrelated ABDs and other breeds was carried out through a restriction enzyme digest with 5 lL PCR product and either BfaI CutSmart (New England Biolabs, Ipswich, MA, USA) or FspBI FastDigest (Thermo Scientific) for total reaction volumes of 25 and 15 lL, respectively. BfaI (FspBI) recognizes and cleaves (^) the following sequence: 5 0 -C^TAG-3 0 . Digests were visualized on a 1.2 % agarose gel, where wild-type alleles are uncut (489 bp) and mutant alleles are cut once (248 and 241 bp).
Gel electrophoresis and western blotting
Frozen tissue samples were ground to a fine powder using a glass mortar and pestle chilled in liquid nitrogen. After 20 min of priming at -20°C, tissue was resuspended in a 1:1 mixture of an 8 M urea buffer (8 M urea, 2 M thiourea, 0.05 M Tris-HCl, 0.075 M dithiothreitol, as well as 3 % SDS and 0.03 % bromophenol blue, pH 6.8) and 50 % glycerol with protease inhibitors (0.04 mM E-64, 0.16 mM leupeptin, and 0.2 mM PMSF). The solutions were mixed in a 60°C water bath for 4 min, followed by a 10 min incubation at the same temperature. Residual debris was removed via centrifugation at 13,000 rpm, and the supernatant was flash frozen for storage at -80°C. Initial protein analysis was done via a 2-7 % gradient acrylamide gel. Western blot was performed on the samples using 0.8 % agarose gels run at 15 mA per gel for 2 h and 50 min. Following this, they were transferred onto Immobilon-P PVDF membranes (Millipore, Billerica, MA, USA) using a semi-dry transfer unit (Bio-Rad, Hercules, CA, USA) for 2.5 h at 164 mA. Membranes were briefly stained with Ponceau S to check for transferred proteins. Following removal of the stain, membranes were incubated with primary antibody at 4°C overnight. Nebulin N-terminal and C-terminal expression was quantified using primary antibodies specific to those regions (Myomedix #6969 and #6964, respectively, http://www.myomedix. com). Expression was normalized to the integrated optical density of myoglobin heavy chain (MHC) obtained from the Ponceau S staining. The fluorescence of the western blots was analyzed using Odyssey Infrared Imaging System. Ponceau S images were analyzed with One-D scan EX (Scanalytics Inc., Rockville, MD, USA).
Results
Affected dogs could independently ambulate, had generalized atrophy, and the myopathy was relatively non-progressive (Supplemental video). Atrophy of the cervical and dorsal thoracic limb muscles was noted with bilateral hypertrophy of the triceps muscles. Serum creatine kinase (CK) activities were mildly elevated. Electromyography (EMG) revealed spontaneous electrical activity, consisting mainly of fibrillation potentials, within the proximal appendicular muscles of the thoracic limbs and the cervical paraspinal musculature. Motor nerve conduction velocity (MNCV) testing showed a mild decrease in the latency of the tibial and ulnar nerves. Respiratory difficulties were not present.
A marked variability in myofiber size and generalized atrophy was present in muscles from the affected ABDs (Fig. 1a) compared to control muscle (Fig. 1d) . The predominant abnormality found in [50 % of the muscle fibers from all affected muscles examined was rod-like inclusion bodies highlighted with the modified Gomori trichrome stain (Fig. 1b) ; these structures were not observed in control muscles (Fig. 1e) or with H&E staining (Fig. 1a, d ). Rod-like structures tended to be centralized or peripherally distributed in the muscle fibers and were present in both slow twitch type 1 and fast twitch type 2 muscle fibers. Atrophic fibers were also of both fiber types (Fig. 1c, f) . Numerous rods were apparent along the long axis parallel to that of the muscle filaments (Fig. 1g) . The rods were in structural continuity with Z disks (Fig. 1h) , had the same electron density as the Z lines of adjacent sarcomeres, and had a similar lattice pattern of periodic cross striations.
The absence of disease in the sire and dam indicates that transmission is likely autosomal recessive. We hypothesized that the parents were heterozygous for a deleterious allele inherited identical-by-descent through a common grandparent and that their affected progeny were homozygous. Allelic inheritance was manually evaluated for 28 polymorphic SNPs within or flanking the 10 Fig. 1 Histopathology establishes NM. Cryosections from the triceps muscle of an affected pup (a-c) and archived control triceps muscle (d-f) were stained with H&E (a, d), modified Gomori trichrome (b, e) and following incubation with monoclonal antibodies against type 1 and type 2 myosin heavy chains (c, f). Excessive variability in myofiber size and atrophy were observed in the affected muscle with the H&E stain (a) compared to control muscle (d). Numerous myofibers in the affected muscle contained rod bodies (b, arrows) not evident in control muscle (e). Both type 1 and type 2 fibers were atrophic (c) with fibers of both fiber types similar in size in control muscle (f). Bar 50 lm for images a-f. By electron microscopy, numerous electron dense rods were apparent along the long axis parallel to that of the muscle fiber (g). The rods were in structural continuity with Z disks (h), had the same electron density as the Z lines of adjacent sarcomeres, and had a similar lattice pattern of periodic cross striations. Bar 0.18 lm for images g and h candidate genes; only markers representing TNNT1 (CFA1) and NEB (CFA19) were consistent with a simple autosomal recessive pattern (Table 1) .
We conducted WES of four family members because of the large size of NEB. Across the samples, exome coverage, mappable reads, yields, and mean quality scores averaged 309, 59 million, 6 Mb, and 37.1, respectively. VCFs were used to filter variants within the two candidate genes for those fitting recessive transmission (homozygous alternate in both affected dogs, heterozygous in the dam, and heterozygous or homozygous reference in the unaffected sibling). This step eliminated all 11 variants identified within TNNT1 and 343 variants in NEB. Thirtysix remaining variants in NEB were filtered to remove common polymorphisms, non-coding variants, and nondamaging variants (Fig. 2a) . Only one overtly deleterious variant was identified in NEB, a nonsense mutation g.52734272 C[A, corresponding to human exon 169 (S8042X; NP_001258137.1). In addition, we confirmed that no variants in the other eight candidate genes segregated with the phenotype. The NEB nonsense mutation was verified by Sanger sequencing (Fig. 2b) and was absent in 100 unrelated ABDs and five dogs each from 24 other breeds, determined by restriction digest genotyping.
Protein analysis of the triceps biopsies from the affected dogs suggested a loss of NEB, which was then confirmed via western blotting (Fig. 3a, b) . These values were quantified, revealing NEB expression at 0.3 and 16.2 % of their wild-type counterparts for the N-terminus and C-terminus, respectively (Fig. 3c, d ).
Discussion
Histological and clinical findings from the affected ABDs are consistent with primary NM. While the nemaline rod bodies are hallmarks of the disease, these morphological features provide little indication of subtype or genetic etiology. The most common of the six subtypes is typical congenital NM, which is most often attributed to mutations in NEB (Romero et al. 2013 , Wallgren-Pettersson et al. 2011 . The clinical presentation of independent ambulation and relatively non-progressive muscle weakness at 2 months of age in the ABDs is consistent with typical congenital NM (North and Ryan 2002) .
We used a bipartite approach to uncover a nonsense mutation in NEB causing ABD NM. To refine the list of 10 known candidate genes, we generated genome-wide SNP profiles. Affected dogs inherited identical SNP haplotypes spanning TNNT1 and NEB; therefore, these genes were prioritized for further study. Together, they comprise nearly 200 exons, rendering Sanger sequencing impractical. Instead, we utilized WES, an approach that provides high exon read coverage and the data to parse the rest of the exome if no mutations are found in candidate genes.
NEB, or nebulin, is a giant protein (600-900 kDa) that stabilizes the actin thin filament of skeletal muscle sarcomeres and is critical for proper thin filament formation and muscle contraction (Labeit et al. 2011) . NEB mutations account for up to 50 % of molecularly characterized NM cases (North 2011) ; most are truncating . NEB has a multitude of isoforms achieved primarily through alternative splicing of three sets of exons (63-66, 143-144, and 167-177) ; truncating NEB mutations are frequently found in the latter set. In general, homozygous truncating mutations may be less tolerated in ubiquitously expressed exons . Consistent with these trends observed in human myopathies, S8042X lies in the alternatively spliced exons 167-177. We elected to investigate NEB protein levels, rather than transcript presence, in cases and controls due to limited tissue quantities. Protein gels show little banding in the NEB region, a finding consistent with the absence of protein detected with the N-terminus anti-nebulin antibody. The C-terminus antibody showed a low level of protein (*16 % of the levels in the control tissues) but with a mobility slightly larger than that of NEB in the control samples. It is possible that this is a unique splice isoform of nebulin that has low abundance and excludes the N-terminus. Alternatively, the C-terminus antibody may be cross-reacting with another protein similar in size or a degradation product of a larger protein. We consider the cross-reactivity hypothesis more likely because we have detected titin degradation products of a size similar to NEB that cross-react with NEB C-terminus antibodies in previous work. Regardless, our data suggest that S8042X results in very low levels of NEB, probably due to nonsense-mediated decay. The inability to successfully express normal levels of full-length nebulin likely underlies the pathology of the affected ABDs. While we report the first mutation causing NM in dogs, this is not the first pathogenic variant described in canine NEB. Ahram et al. (2015) identified NEB missense mutations associated with primary angle-closure glaucoma (PACG) in Basset hounds. Interestingly, affected Basset hounds display no clinical signs of NM (Ahram et al. 2015) . Ocular abnormalities were not identified in either of the ABDs with NM, nor are they associated with human NM attributed to NEB.
The recent development of WES enrichment kits for canines (Broeckx et al. 2014 (Broeckx et al. , 2015 will facilitate faster discovery of pathogenic variants, particularly when candidate genes are sizable or numerous. Massive parallel sequencing of several exome libraries in a single hi-seq lane is an economical approach for sequencing of multiple individuals, relative to whole genome resequencing, and permits simultaneous identification and filtering of variants. To date, this report is one of few to use WES in a nuclear family to identify a pathogenic variant in dogs (Ahonen et al. 2013; Ahram et al. 2015) . Rather than requiring the widespread distribution of the ABD mutation throughout the population in order to gather sufficient cases for analysis with traditional methods, WES allowed us to detect the mutation directly in the two probands.
Although no carriers were found in a survey of unrelated ABDs (extended family members were unavailable for study), a genetic test now exists for S8042X should NM arise again in the breed. The identification of carriers holds potential for the development of a colony for testing of therapeutic approaches for humans.
